We report the deep distributions of noble gases, helium isotopes, and radiocarbon measured during the U.S. GEOTRACES GP16 East Pacific Zonal Transect between 152 and 77°W at 12-15°S in the South Pacific. The dominant feature is an intense tongue of hydrothermal effluent that extends more than 4,000 km westward from the East Pacific Rise (EPR) at ~2500m depth. The patterns reveal significant "downstream" variations in water mass structure, advection, and mixing that belie the simple perception of a continuous plume extending westward from the EPR. For example, one feature observed at 120°W, 14°S has tracer signatures that are consistent with a water mass originating from an area as much as 2,000 km south of this section, suggesting a quasi-permanent northward flow on the western flank of the EPR. Helium isotope variations in the plume show a uniquely high In the western end of the section, incoming bottom waters have relatively less hydrothermal hydrothermal helium, more radiocarbon, and more oxygen, as well as negative saturation anomalies for the heavy noble gases (Ar, Kr, and Xe). During the basin-scale upwelling of this water, diapycnal mixing serves to erase these negative anomalies. The relative magnitudes of the increases for the heavy noble gases (Ar, Kr, and Xe) are quantitatively consistent with this process. This leads us to estimate the relatively smaller effects on He and Ne saturations, which range from near zero to 0.2% and 0.3% respectively. With this information, we are able to refine our estimates of the magnitude of He ratio of non-atmospheric helium introduced into deep Pacific waters.
Introduction
The GEOTRACES program was envisioned as an international project to characterize the global scale ocean distributions of biogeochemically important trace elements and isotopes (TEIs) and to understand the processes that create and control those distributions. The U.S. GEOTRACES Eastern Pacific Zonal Transect was designed to probe at least two of those important processes: the influence of hydrothermal exchange at Mid Ocean Ridges (in particular here the East Pacific Rise), and the impact of a major ocean upwelling region off Peru. Here, we discuss our contribution to answering the former question while in an accompanying paper we discuss the latter.
The circulation of seawater through hot, freshly formed ocean crust at seafloor spreading centers results in substantial modification of the chemistry of the seawater, and hence leads to substantial fluxes that are significant in the global ocean budgets of a number of elements (Edmond et al., 1979; Jenkins and Edmond, 1983; Elderfield and Schultz, 1996) . This hydrothermal activity also injects significant amounts of the primordial isotope 3 He into the deep water (Clarke et al., 1969; Jenkins et al., 1978) . Because of its inertness, paucity in the atmosphere due to ongoing loss to outer space (Stoney, 1905; Turekian, 1959; Axford, 1968; Patterson, 1968) , and its low intrinsic solubility in seawater (Weiss, 1971) , hydrothermal 3 He anomalies are observed throughout the deep oceans. As importantly, the distribution of the 3 He can be combined with tracer-calibrated ocean models to infer the global flux of hydrothermal 3 He to be ~550 mol/y (we obtain a weighted mean of 550 ± 90 mol/y from the estimates made by Bianchi et al., 2010; Schlitzer, 2016; Holzer et al., 2017) . Measured in conjunction with critical TEIs, we can use 3 He both as a "flux gauge" (Jenkins et al., 1978) and as a dilution tracer. In a simplistic model, deviations from a linear mixing relationship between 3 He and a TEI would signal consumption or production of that species. Part of this work (in particular some of the deep 3 He data west of the EPR) have been used to constrain the fluxes of long-lived hydrothermal Fe and Mn (Resing et al., 2015) . Here we present the complete data set, along with measurements of radiocarbon and noble gases to provide further insight into the physicochemical processes affecting properties along this section. The hope is that this will lead to future synthesis of other's results and a better understanding of the global ocean behavior and budgets for many hydrothermally affected TEIs.
pg. 3
Sampling and Measurement
We collected samples as part of the U.S. GEOTRACES program (see http://www.geotraces.org/ ) on a section designated as GP16 in the eastern tropical South Pacific aboard the R/V Thomas G. Thompson October-December 2013. The location of stations occupied for these properties are shown in Figure 1 .
Samples were obtained from a 12 bottle-30 liter Niskin rosette operated by the Oceanographic Data Facility (https://scripps.ucsd.edu/ships/shipboard-technical-support/odf ). Hydrographic data (station and cast locations and timing, sampling depths, pressure, temperature, salinity, dissolved oxygen, macronutrients, etc.) are available from the BCO-DMO (Biological and Chemical Oceanography Data Management Office http://www.bco-dmo.org/ ) as well as the CCHDO (CLIVAR and Carbon Hydrographic Data Office https://cchdo.ucsd.edu/cruise/325020131025 ) data repositories.
Helium isotope and noble gas water samples were sealed in duplicate 45 cc crimped copper tubing using the method of Young and Lupton (Young and Lupton, 1983) and returned for shore-based high vacuum extraction and mass spectrometric analysis using established methodology (Stanley et al., 2009a) . Noble gas concentrations were measured by QMS ion current (dead-time corrected pulse counting) manometric comparison with precisely known atmospheric gas standards. Deviation from instrumental linearity was tested by the measurement of multiple gas aliquots and found to be zero within measurement errors. For a fraction of the samples, matrix effects (dependence on Ar and Xe contents) were found for Kr manometric measurements and corrected for empirically (Stanley, 2007) . For the remainder of the samples, Kr and Xe measurements were improved by using ratiometric isotope dilution, where mono-isotopic Kr and Xe spikes (   78   Kr and   124 Xe) were added to standards and unknowns and triple isotope ratios were used to correct for isotope fractionation in order to precisely compare unknowns to the running atmospheric standard. Aggregate measurement uncertainty for the helium isotope ratio anomaly was 0.15%, and results were corrected for an empirically determined dependence of the observed isotope ratio on sample size. The noble gas abundances were determined to within
Figure 1: Station locations and numbers for the U.S. GEOTRACES EPZT cruise (GP16). Stations 3-5, are located between stations 2 and 1. The dashed line indicates the approximate location of the East
Pacific Rise axis. This map was produced using GMT V4.5 (Wessel and Smith, 2008) .
0.2% with the exception of the non-isotope dilution Kr and Xe measurements, which were only accurate to 0.3% for Kr and to 1% for Xe. Uncertainties were determined by replicate water sample analyses and comparison to separate atmospheric gas standards.
Radiocarbon measurements were made on splits of CO2 gas samples extracted for δ
13
C analysis at the University of Washington and determined at the National Ocean Science Accelerator Mass Spectrometry (NOSAMS) Facility using standard AMS procedures (see http://www.whoi.edu/nosams) typically to an accuracy of 2.5 to 4.5‰ for ∆ 14 C. The uncertainty estimates include both statistical (AMS counting) limitations and a "facility error" determined by inter-laboratory comparison of secondary standards.
All results were submitted to the designated U.S. GEOTRACES data repository, are publicly available from the BCO-DMO (http://www.bco-dmo.org/), and are expected to part of the GEOTRACES 2017 Intermediate Data Product (http://www.geotraces.org/dp/intermediate-data-product-2017 ).
Results and discussion a) The Deep Helium Distribution
The zonal distribution of helium isotopes is shown as a function of depth in Figure 2 . 
The contour interval in δ
3
He is 5%, which is more than 30 times the measurement error of 0.15%. The section is dominated by the mid-depth (~2500 m) hydrothermal 3 He tongue extending from the East Pacific Rise (EPR) near 113°W for more than 4,000 km to the far western end of section at 152°W (where it still exceeds values of 30%). This plume was first documented by Lupton and Craig (1981) and the comparison with historical data is the subject of another paper (Lupton and Jenkins, 2017) . The westward direction of the plume runs counter the originally envisaged cyclonic abyssal flow by Stommel and Aarons (1960) but has been rationalized to be an abyssal anticyclone driven by mid-depth hydrothermal buoyancy injection, a so-called β-plume originally described by Stommel (Stommel, 1982; Hautala and Riser, 1993) . This counterclockwise gyre appears to move northward over the EPR at around 110°W and swings westward at around 15°S carrying with it thermal and salinity anomalies (Reid, 1982) as well as excess 3 He (Lupton and Craig, 1981) .
The maximum isotope ratio anomaly observed was almost 51%, and attenuates westward. Away from the near-field injection site, the observed westward linear decrease in δ 3 He in relation to trace metals in the core of the plume (Resing et al., 2015; Roshan et al., 2016 ) is consistent with dilution. As a conservative tracer away from bomb tritium and hydrothermal sources, it is possible to estimate the global hydrothermal 3 He flux to be ~550 mol/y with some confidence (Bianchi et al., 2010; Schlitzer, 2016; Holzer et al., 2017) , so such correlations may be used to estimate "persistent" hydrothermal fluxes for those metals. Clearly, however, the fidelity of such estimates depends how conservatively these TEI "phases" behave over large distances. As a more detailed three dimensional picture of the and TEI distributions emerge, we may be able to use the unambiguously conservative nature of 3 He away from hydrothermal (and tritium-decay) sources to discern such non-conservative behavior. He, upper panel, in %) and (b) dissolved helium saturation anomaly (∆He, lower panel, in %, as defined in Equation 4) . Station numbers (excluding stations 3-5, which are situated between stations 2 and 1) are noted at the top. Black dots in these and later contour plots indicate sample locations. This and subsequent contour plots were produced using GMT 4. 5 (Wessel and Smith, 2008) .
Below the westward extending plume in Figure 2 , the δ 3 He decreases to below 12% marking the influx of water from the south; some mixture of Circumpolar Deep Water and Antarctic Bottom Water. This is weakly mirrored by a more modest deep-ward decrease (to δ 3 He ~ 22-23%, unfortunately not readily visible with the color pallet used but more readily visible in Figure 6 shown later) in the Peru-Chile trench near 79°W, suggestive of some northward intrusion of a deep water mass there as well. Above the tongue, the δ 3 He decreases toward its atmospheric solubility equilibrium value (typically -1.6 to -1.8%), with modest enhancements in the shallow layers due to in situ tritium decay (see Jenkins et al., 2017 for a discussion of the shallow features).
Examination of the average δ 3 He between 2250 and 2750 dbar, shown for each station as a function of longitude in Figure 3 , reveals that the plume extends only a short distance eastward of the EPR axis, less than 350 km from station 18. The nearest upstream station (Station 17) to the EPR crest shows no significant increase above background, as defined by the stations further eastward. A non-conservative β-spiral calculation for velocities close to this locale (Hautala and Riser, 1993) 
Above and to the west of the EPR crest (at around 113°W) the average δ 3 He decreases westward. As an exception, the intensity increases by a small amount over the short distance from station 18 to 20 (at 112.75 and 113.50°W). Station 18 is situated right on the axis of the EPR while station 20 lies about 75 km to the west. While station 18 measures the local hydrothermal input intensity, station 20 reflects the integrated input from EPR segments to the south: the basin-scale anticyclonic (counterclockwise) circulation, as evidenced by large scale property distributions (Reid, 1982; Hautala and Riser, 1993) and predicted by theory (Stommel, 1982) , sweeps northward along the EPR and veers westward around 15°S. Moreover, observations of hydrothermal plumes along the EPR in this region show greater activity between 16° and 20°S (Shimmield and Price, 1988; Baker and Urabe, 1996; Feely et al., 1996) .
Note also the pronounced deficit in the westward decreasing trend at 120°W, a feature hinted at in the δ Figure 3 also depicts the depth and neutral density of the plume maximum along with their estimated uncertainties as a function of longitude. These were determined by performing a quadratic fit of the 5 highest δ 3 He values for each profile as a function of depth or neutral density. A striking pattern emerges where the plume maximum at the four stations (numbers 20-26) west of the EPR crest appears to shoal by 50-75 meters. This shoaling is also reflected in a significant decrease in neutral density. West of this there is a monotonic deepening of the plume maximum. These changes are not an artifact of vertical displacement of isopycnals, as the neutral density of the plume maxima change more-or-less in concert (from 27.995 to 27.984 to ~27.993kg/m 3 , see lower panel). Such a displacement could arise from three possible causes. The first is a secular variation in hydrothermal intensity. It is well known that the buoyant plume height (h)depends on the water column stratification and the net buoyancy flux (Morton et al., 1956; Speer and Rona, 1989; McDougall, 1990) according to
Where F is the net buoyancy flux and N is the background Brunt-Väisälä or buoyancy frequency (related to the background vertical stratification). Given the expected westward transit times of a few decades (Hautala and Riser, 1993 predicted zonal flows of order 0.1-0.5 cm/s in this area), it is very unlikely that the latter factor will have changed significantly. Based on direct observations, the buoyant plume height at source is close to 200 m. To increase the injection height by 50-75 m in the past would require a roughly 2.4 to 3.6-fold increase in buoyancy flux, something which would not be considered feasible on the these time scales. Given the general anticyclonic nature of the regional circulation (Reid, 1982; Reid, 1986 ) the 3 He tongue likely integrates over a relatively large (few hundred km) segment of the EPR, so such a modulation would require a significant change in volcanism over a large geographic scale or an even larger increase in a single vent field. Explanation of the deeper downstream subsidence by 100 m is more problematic: it would require a substantial (order of magnitude) weakening of the hydrothermal buoyancy flux in the past.
A second explanation of the downstream depth changes would rely on the combination of circulation and geographic changes in EPR topography. That is, one might argue that the lateral plume is not a continuous downstream feature that follows our oceanographic section, but rather that our section cuts through different lateral plumes emanating from different parts of the EPR at different depths. Without a more detailed mapping of the three dimensional distribution of δ 3 He in this area coupled with a more complete knowledge the hydrothermal sources in relation to the EPR topography, this must remain speculation.
A third possibility is that mixing (both vertical and horizontal) may differentially erode the δ 3 He maximum in the vertical as the plume penetrates into the "background" hydrothermal 3 He and 4 He distribution. That is, the actual plume may not "migrate" upward or downward, but rather have its shape changed due to redistribution above and/or below. From the perspective of vertical mixing, a downward increase in mixing rates and/or stronger vertical gradients in δ 3 He might preferentially remove the δ 3 He signal from below, "pushing" the maximum upward during the initial half of its trajectory. Inspection of the δ 3 He profiles vs. depth in Figure 4 (left panel) reveals an essentially vertically symmetric shape for most profiles, which rules out vertical changes in gradients as a significant contributing factor. Conversely, mid-ocean ridge flanks are regions characterized by bottom-enhanced vertical mixing (Polzin et al., 1997; Ledwell et al., 2000) , so this may contribute to the apparent rise in the δ 3 He maximum. However, the anomalously high δ (σN > 28.00 kg/m 3 ) belies this simplistic argument, suggesting that the westward deepening may be a reflection changes in the deep-water column due to circulation.
Returning to the plume "hiatus" at station 23 (120°W), it should be noted the size of the δ 3 He anomaly (assuming a constant 3 He:heat ratio) is solely a function of the background vertical stratification (McDougall, 1990) which is unlikely to change in the deep water on decade time-scales. This, however, could suggest that the hiatus may have resulted from a temporary reduction in 3 He:heat ratio, something that has been observed elsewhere (Baker and Lupton, 1990) . However, the shoaling of the maximum argues against it arising from a temporal reduction in hydrothermal intensity: such a reduction would have resulted in deepening of the maximum. Note that the plume "hiatus" (station 23, indicated by yellow symbols) stands out in the respect that it "falls between" stations 28 and 30, almost as if it were displaced eastward by 1500 km. However, such a displacement is at odds with what we know about the large-scale flow patterns for this region (see, for example Reid, 1982; Reid, 1986; Hautala and Riser, 1993) . Moreover, as shall be seen in our later discussion, the distributions of other properties suggest a rather different origin.
The hydrothermal tongue is also evident in the saturation anomaly of dissolved helium, shown here in the lower panel in Figure 2 and defined by ( ) ( ) He He 100 1 % He
where C(He) is the measured molar concentration of helium and CS(He) is the solubility concentration in equilibrium with 1 atmosphere moist air at the potential temperature and salinity of the sample. The contour interval is 2%, large compared with a measurement uncertainty of 0.2%. The large scale features in δ
He are reflected in the ∆He distribution; namely the mid-depth hydrothermal plume extending westward from the crest of the EPR, underlain in the west by incoming low ∆He waters, a more subtle effect in the Peru-Chile trench at the eastern end of the section, and a general decrease upward through the thermocline to low values (~1%, sustained by wind/wave induced bubble injection) at the surface. The fact that the hydrothermal 3 He tongue is reflected in excess helium (∆He) arises because the hydrothermal helium input is not pure He ratio, expected to be of order 8 times the atmospheric ratio, as observed in Mid Ocean Ridge Basalts (e.g., see Kurz and Jenkins, 1981) .
b) The Deep Radiocarbon Distribution Figure 5 shows the radiocarbon section. In an accompanying paper , we discuss the shallow distribution of radiocarbon restrict our comments here to the deeper features. As was known from the earliest observations (Bien et al., 1960; Bien et al., 1965) , the deep distribution of ∆ 14 C in the Pacific is dominated by a mid-depth (2000-3000 m) minimum. This minimum results from the incursion below 4000 m in the west of younger, higher ∆ 14 C waters ultimately derived from Antarctic Bottom and North Atlantic Deep Waters (Ostlund and Stuiver, 1980; Schlitzer, 2007) . The intensity of this minimum is governed by a balance between cumulative decay along the global thermohaline overturning circulation (Kuhlbrodt et al., 2007; Schlitzer, 2007) , distributed upwelling to intermediate depths (Munk, pg. 10 1966), in situ remineralization of relatively modern carbon from the rain of particulate material from above (Craig, 1969) , and mediated by vertical mixing (Munk, 1966; Craig, 1969) .
Although there is an expected east-west asymmetry in the deep ∆ 14 C (that is, higher ∆ 14 C in the west) consistent with deep circulation, the deepest waters in the easternmost end of the section also show the invasion of relatively young bottom waters with the deepest sample in the trench reaching -206‰. (Note the closed -220‰ contour at 3500 m and 85-90°W is likely an artifact of the contouring algorithm, which should extend the -220‰ contour at 4000 m upward.) On the basis of hydrographic and composite nutrient tracers, Peters et al. (Peters et al., 2017) designate this as "Lower Circumpolar Deep Water" (LCDW). According to the circulation scheme proposed by Lonsdale (see Figure 1 of Lonsdale, 1976) this water enters the Chile Basin through gaps in the eastern Chile Rise and subsequently flows northward into the Peru basin through the Peru Trench and gaps in the Nazca Ridge. The northward flow is also evident at 32°S in the inversions of Wijffels et al. (seen in Figure 5 of Wijffels et al., 2001) . As mentioned before, there is a corresponding decrease of δ 3 He. Considering the "source" LCDW characteristics of δ 3 He = 10.5% (at ~62°S and ~105°W from WOCE P18) and ∆ 14 C = -160‰ (at ~64°S and ~103°W from WOCE P17S) this is consistent with the water mass composition map of Peters et al (2017) for the Peru-Chile trench.
In Figure 6 , we show the zonal distributions of (a) δ He plume extends westward from 113°W along the 27.990 ± 0.005 kg/m 3 neutral surface, with a distinct local zonal minimum at around 120°W. This minimum is marked by a corresponding maximum in ∆ 14 C (middle panel) exceeding -220‰ over a significant neutral density range, suggesting that the zonal modulation of the lateral plume (i.e., the deviation from a monotonic westward decrease in 3 He, see Figures 2-4) arises from a meridional displacement of water masses rather than some decade time-scale reduction of hydrothermal activity. Moreover, the depth and lighter neutral density of the δ 3 He maximum at this station (~50 m shallower and ~0.01 kg m -3 lighter than the upstream portion of the dispersing plume, see Figure 3 ) would require a substantial increase in hydrothermal activity, not a cessation. Thus instead, we conclude that this feature must result from circulation.
The radiocarbon "anomaly" of ~15‰ associated with the decrease in excess 3 He is substantially larger than measurement precision for a single sample (2.6‰), and given that the anomaly shows significant spatial coherence, extending vertically over several samples, we must conclude that it is real. There appears to be a counterpoint response in the silicate distribution at this location (Figure 6c ) in that the silicate 125 and 130 µmol/kg isopleths extend downward in this region. This feature, however, extends further toward the EPR than the ∆ 14 C isopleths. Part of this disparity may be an artifact of contouring/data resolution (the lateral spacing of radiocarbon stations is sparser than that of silicate and δ 3 He), but it may also be a reflection of the locally complex circulation induced by the hydrothermal buoyancy injection and topography (Stommel, 1982; Hautala and Riser, 1989; Speer, 1989; Hautala and Riser, 1993; Thurnherr et al., 2011) .
Figure 6d: The zonal distribution of (d) dissolved oxygen (in µmol/kg).
pg. 13 Johnson and Talley (1997) show a deep salinity anomaly centered at 120°W along 15°S (their Plate 1(a)) that is suggestive of meridional transport off-axis of the EPR. Figure 7 shows mid-depth profiles of some properties at Station 23 (the 3 He minimum at 120°W). Notably there appears to be an inflection in all of these profiles between ~2250 and ~2750 dbar, suggesting an intrusion of a foreign water mass in that range. From what we know about the large-scale abyssal distribution of radiocarbon (Ostlund and Stuiver, 1980; Key, 1996; Key et al., 1996; Schlitzer, 2007) , in particular the mid-depth (2500 m) meridional gradients, we conclude that this water must have come from the south, perhaps as far south as 30-35°S.
Considering the tracer information, we may be emboldened to hazard a guess as to its origins. Figure 8 shows the zonal distributions of (a) silicate, (b) radiocarbon, and (c) δ 3 He along WOCE line P06 at 32°S. A qualitative comparison of the mid-depth property distributions are suggestive of an origin near 110°W but the silicate at station 23 is perhaps 10 µmol/kg too high. This could be rationalized by assuming that the water somewhat westward of this locale with slightly lower δ 3 He could pick up additional silica and hydrothermal 3 He in its transit northward to GEOTRACES section, while the effect of 14 C decay on ∆ 14 C may be partially balanced by in situ remineralization of modern carbon from above (Craig, 1969) .
The question arises as to whether there is additional evidence of northward transport roughly paralleling the western flank of the EPR. In analyzing deep circulation in the region of interest, Hautala and Riser (1993) comment that "Mortlock's isopycnal maps show a distinct low silicate 'finger' penetrating northward … along the East Pacific Rise to about 14°S". This feature is convincingly echoed in maps of the radiocarbon-based deep water age (see Figure 4 of Matsumoto, 2007) , where around 110-120°W a tongue of younger water extends northward from 30-40°S to nearly the equator. The Matsumoto feature is further supported by a nuanced analysis deep radiocarbon ages by Gebbie and Huybers (2012, pg. 14 the basis of f/H (Coriolis parameter divided by ocean depth) control of barotropic flow (Pedlosky, 1979) and indeed it appears in global (see Plate 1 of Koblinksy, 1990) and regional (see figure 17 of Hautala and Riser, 1993) maps. Finally, one might be inclined to model the downstream evolution of ∆ 14 C associated with the westward propagation of the hydrothermal plume. However, this is confounded by the presence of significant meridional flows, as evidenced by the hiatus at Station 23, and the non-monotonic behavior of the ∆ 14 C and plume depth trends vs. longitude. Moreover, there is also a significant westward decrease west of the EPR crest in dissolved oxygen at the neutral density of the plume maximum (around σN=27.99 kg m -3 in Figure 6d ), which implies in situ remineralization of relatively modern carbon from above.
c) The Deep Noble Gas Distributions
The distributions of dissolved noble gases (He, Ne, Ar, Kr, and Xe) in the deep ocean are governed by air-sea exchange processes in the formation regions of the water masses (Stanley et al., 2006; Hamme and Severinghaus, 2007) coupled with ocean circulation and mixing (Ito and Deutsch, 2006; Ito et al., 2007) . Since the solubilities of the noble gases in seawater are more-or-less strongly dependent on temperature (and to lesser extent on salinity), it is common practice to present the results as saturation anomalies. These are defined (in percent) relative to concentrations expected at equilibrium with one atmosphere moist air at the potential temperature and salinity of the sample in fashion analogous to Equation 4 for ∆He. Note that we use empirically determined solubility functions for the noble gases based on recent experiments in our laboratory (see http://www.whoi.edu/sites/IGF where the experimental description and MATLAB m-files are available). We do this for consistency: the solubilities for all gases were determined in the same laboratory using the same methods of equilibration, the same atmospherically linked standards, and the same analytical methods. Moreover, the solubilities are determined at actual oceanic concentration levels to avoid extrapolation over a broad range of partial pressures (e.g., from one atmosphere to ~ 1 x 10 -6 atmosphere for Kr). In addition, the measurements were made in reference to atmospheric standards using the same assumed atmospheric abundances we used for seawater measurements, so that any systematic uncertainty in the latter values will cancel out. We present the distributions of these anomalies in Figure 9a -d. Note that for the Xe data, we only plot those measurements made after procedural improvements using ratiometric isotope dilution, since the earlier, lower precision peak height manometry measurements for Xe were only good to 1%. See Figure  2b (lower panel) for the corresponding saturation anomalies for He.
pg. 16 The ∆He distribution (see Figure 2 , lower panel) has the added complication of volcanic/hydrothermal introduction at the seafloor, and the observed distribution of ∆He bears a strong resemblance to that of δ 3 He. Indeed, a histogram of the ∆He distribution ( Figure 10 ) shows a bimodality reflecting the two dominant origins of helium supersaturation: bubble injection at the sea surface during water mass formation (a peak at ~1-2%) and hydrothermal injection (a broader peak at 7-8%) in the deep water. In contrast, the distribution of ∆Ne shows an essentially normal distribution centered around 1.1% ( Figures  10 and 11) , with standard deviation of 0.4%, significantly larger than measurement error of 0.2%. The neon mean saturation anomaly is somewhat lower (by about 0.7%) than that reported for Hamme and Severinghaus (2007) for the North Pacific, but this due to our choice of solubility functions. Below the thermocline, there is a weak increasing trend in ∆Ne toward mid-depths followed by a slight decrease toward the bottom.
The three heaviest noble gases share a common pattern which becomes more pronounced with increasing atomic mass (i.e., Ar < Kr < Xe). The bottom waters are characterized by a significantly negative saturation anomaly that is most pronounced in the west but also weakly evident as well in the Peru-Chile trench in the far-eastern end of the section. In the main thermocline, all three noble gases show positive anomalies overlain by a general decrease toward near zero values at the sea surface. Hamme and Severinghaus (2007) observed similar trends in their North Pacific profiles and proposed that the pattern of negative anomalies results from disequilibria in cooling water (due to limited air-sea exchange) during convective water mass renewal. Loose and Jenkins (2014) pointed to an additional mechanism associated with sub-basal glacial melting near Antarctica. Regardless of the relative importance of either phenomena, there is a clear gas-dependent signature in the incoming bottom water coupled with a general increasing trend in saturation anomaly upward.
In the broadest terms, one can regard the Pacific circulation as vertically partitioned into two roughly independent cells. The first is a deep overturning circulation that occurs as part of the global scale meridional overturning circulation (MOC) where water enters the Pacific basin below 3000-4000 m, upwells in the interior, and returns in the depth range of 1000-2000 m (Kuhlbrodt et al., 2007) . The second, shallower circulation system consists of intermediate and subpolar mode waters (Yasuda, 1997; Talley, 2003; Iudicone et al., 2007) overlain by the main thermocline and wind-driven circulation cells.
Tracer observations and inverse models are consistent with little direct exchange between these two cells (Wijffels et al., 1996; Wijffels et al., 2001; Kuhlbrodt et al., 2007) so we are safe to restrict our discussion to the deep cell. In the context of this paper, we discuss only the deep (>1000 m depth) water noble gas patterns, and leave a discussion of the shallow features to a later manuscript . Figure 11 depicts the composite depth profiles of saturation anomalies for the four heavier noble gases (Ne, Ar, Kr, and Xe). With the exception of neon, they all show a consistent, monotonic upward increase in saturation anomaly (from 5500m to 1000m depths, see polynomial regression lines) that becomes progressively stronger from Ar (1.1%) through Kr (1.8%) to Xe (2.4%). Ito and Deutsch (2006) argue that diapycnal mixing, working on the curvature of the solubility as a function of temperature T would tend to increase the saturation state of an inert gas C with time t according to 
where κ is the diapycnal diffusivity, z is vertical distance, ϒ is the normalized solubility curvature as a function of temperature (T), and CS is the gas solubility. If we imagine a uniform upwelling velocity w over an advective-diffusive subrange (Munk, 1966 ) between ~5500m and 1000m, then one could argue that diapycnal mixing would increase gas saturation anomalies in proportion to the normalized solubility curvatures as in equation (5). We plot, in Figure 12 , the observed increases in Ar, Kr, and Xe saturation
anomaly between 5500 and 1000 m obtained using a low order polynomial fit vs. depth (see solid curves in Figure 11 ) against their respective normalized solubility curvatures over the abyssal temperature range from 0.8 to 4.0°C , namely 3 3 3 Ar Kr Xe 1.3 10 , 1.9 10 , and 2.6 10
correlation is is striking, and supports our supposition that the increase may in large part be due to the diapycnal mixing effects described in Equation (5).
With this in mind, it should be recognized that ∆He and ∆Ne should be similarly affected, but to a lesser extent due to their smaller solubility curvatures ( ) . Scaling against the observed increases for ∆Ar, ∆Kr, and ∆Xe, we predict maximum increases of ~0.2% for ∆He and ~0.3% for ∆Ne.
In conclusion, we argue that the apparent increase in saturation anomalies of the heavy noble gases between the incoming bottom waters and intermediate water depths is a signature of diapycnal mixing, and in effect results from a depression of the solubility expectation due to the positive curvature of the gas solubilities as a function of temperature.
In order to compensate for this effect on ∆Ne and ∆He, we compare each sample's ∆Ar, ∆Kr, and ∆Xe values to "reference" bottom water values (the latter obtained from the low order polynomial regressions plotted in figure 11 ) at 5500 m depth of -1.2%, -2.2%, and -2.5% respectively. We use these differences to obtain an average curvature-scaled estimate of the diapycnal mixing induced perturbations in ∆He and ∆Ne.
( ) 
where the summation is over ∆Ar, ∆Kr, and ∆Xe for those samples measured by isotope dilution (n = 3), and over Ar Kr for the remainder (n = 2). In the latter case, the relatively poorer precision of the Xe measurements would have degraded the accuracy of the correction. Figure 13 contains profiles of the magnitude of these correction factors as a function of depth. As expected, the correction is smallest in the deep water and increases upward toward intermediate depths.
The maximum correction for He is about 0.2% and for Ne around 0.3 to 0.4%. While it is challenging to assess what might be the uncertainty in the magnitude of this correction, their apparent scatter around the overall depth trend is of order 0.1%, roughly consistent with error propagation calculations that include the measurement errors for ∆Ar, ∆Kr, and ∆Xe.
d) Helium Isotope Ratios
These considerations become important when we attempt to calculate the actual amount of hydrothermal 3 He (for the purposes of flux gauge calculations) and 4 He, in order to separate out the non-atmospheric helium isotope ratios. To compute the non-atmospheric 
pg. 21
We can then write the excess (non-atmospheric) isotope components as ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) 
The first terms on the right hand side are given by ( ) ( ) ( He ratio (Clarke et al., 1976) . Note that since atmospheric helium is ~ 99.9999% The second terms are derived from the solubility as a function of potential temperature and salinity of each sample, combined with the helium isotope solubility fractionation factor αS which is a function of temperature and salinity (Benson and Krause, 1980) 
and where ∆∆He is our estimate of the saturation expectation depression due to diapycnal mixing (estimated from ∆Ar, ∆Kr, and ∆Xe as described in the previous section) which must be added back in.
For the third terms, we construct a heuristic relationship to predict the atmospherically derived ∆He produced by the combination of air bubble injection (e.g., Jenkins, 1988) , thermal disequilibrium (Hamme and Severinghaus, 2007) , and the effects of diapycnal mixing discussed in the last section. Given the similarities in colligative properties between He and Ne, we use ∆Ne as a predictor of the nonhydrothermal ∆He. We adopt an empirical relationship between deep water ∆Ne and ∆He in an area without significant hydrothermal helium contributions, namely the North Atlantic away from Mid Atlantic Ridge. Using recent data from the U.S. North Atlantic GEOTRACES GA03 cruise (Jenkins et al., 2014a; Jenkins et al., 2014b) we find a molar ratio of 0.22 ± 0.01 between excess He and excess Ne below 1000 m depth. The fact that this value is significantly lower than the atmospheric abundance ratio of 0.288 is a reflection of the intertwined effects of thermal disequilibrium (Hamme and Severinghaus, 2007) and partial vs. complete bubble injection processes (Jenkins, 1988; Stanley et al., 2009b; Liang et al., 2013) during water mass formation. This leads to an estimate of the non-hydrothermal helium excess: 
where we have corrected ∆Ne for the mixing-induced increase (∆∆Ne) using observations of ∆Ar, ∆Kr, and ∆Xe as described in the previous section. Note that the two correction factors (∆∆He and ∆∆Ne) act pg. 22
in a somewhat compensatory fashion. That is, ∆∆He serves to increase the value of CS while ∆∆Ne reduces the contribution of CA in Equation (7).
The relative size of the uncertainty in the coefficient is small, corresponding to an equivalent uncertainty in CA( . However, propagation of all potential biases, including measurement, model, and standardization errors, yields uncertainty of 7 pmol/kg in CXS(
